Charge-ordered Nd 0.5 Ca 0.5 Mn 1 À x Cr x O 3 À d ceramics have been investigated by electrical resistivity, AC susceptibility and ultrasonic velocity measurements to elucidate the effects of Cr substitution and oxygen reduction on charge ordering (CO). Resistivity and susceptibility measurements showed that the x¼0 sample exhibits insulating behavior and an anti-ferromagnetic transition at 230 K as well as a CO transition at 280 K. The substitution of Cr induces a ferromagnetic-paramagnetic and metal-insulator (MI) transition as well as gradually suppressing the CO state due to weakening of the Jahn-Teller (JT) effect. Quenching to reduce the oxygen content of the x ¼0.05 sample caused the MI transition temperature to shift to lower temperatures most likely due to oxygen reduction. On the other hand, both longitudinal and shear velocities at 100 K increased significantly with Cr substitution indicating improvement in elastic properties. However, quenching the x¼ 0.05 sample slightly deceased both velocities and related elastic moduli. A step-like longitudinal velocity anomaly characterized by a slope change suggests the existence of CO state for x¼0, 0.02 and 0.05 samples. The step-like anomaly shifts to lower temperatures from 266 K (x¼0) to 222 K (x¼ 0.05) with Cr substitution indicating a weakening of the CO state. Absence of the step-like anomaly for the quenched x¼0.05 sample suggests suppression of the CO state due to oxygen reduction. Analysis of the step-like anomaly using the mean-field theory suggests involvement of the JT effect which transforms from dynamic to static type with decreasing temperature. Cr substitution weakened the CO state as a result of weakening the JT effect while reducing the oxygen content suppresses the CO state as a result of oxygen reduction.
Introduction
Hole-doped perovskite manganites with the general formula Re 1À x A x MnO 3 (Re¼ rare-earth, and A¼ alkalineearth) have attracted considerable attention due to their Colossal Magnetoresistance (CMR) effect which is commonly attributed to the double-exchange (DE) mechanism [1] . However, studies on these compounds suggested that the CMR effect is also related to the Jahn-Teller (JT) effect [2] and charge-orbital ordering [2] . Usually, the charge ordering (CO) state is often observed in half-doped Re 0.5 A 0.5 MnO 3 (RAMO) perovskite-type manganites in which the ratio of Mn 3 þ and Mn 4 þ is 1:1 and the manganese ions are involved in an order arrangement with localized e g electrons. Among them, the Nd 0.5 Ca 0.5 MnO 3 (NCMO) has attracted interest due to the existence of CO transition at a higher temperature compared to anti-ferromagnetic (AFM) ordering (T CO $ 260 K, T N $ 160 K).
Many reports showed that substitution at Mn-sites with a small amount of transition-metal element have influenced the CO state [2, 3] . Previous study on Nd 0.5 Ca 0.5 Mn 1À x-Co x O 3 [2] has shown that substitution of Co induces a ferromagnetic-paramagnetic and metal-insulator (MI) transition at low temperature as well as suppresses the CO state. On the other hand, quenching to reduce oxygen content also play a crucial role in influencing the properties of manganites. However, very few reports on effects of reduction in oxygen content on properties of RAMO manganites are available in the literatures [4] . n Ultrasonic study at low temperature is useful in providing valuable information on the properties of perovskite manganites [2, 6, 7] . For example, ultrasonic velocity anomaly has been observed around 250 K for NCMO which indicates transition into CO state and was suggested to be due to strong electron-phonon interaction via the JT effect and substitution of Co at Mn-site of NCMO caused the transition to shift to lower temperatures due to the suppression of the CO state as a result of weakening of the JT effect [2] . However, Cr-doping effect on the CO state in Nd 0.5 Ca 0.5 Mn 1 À x Cr x O 3 À d (NCMCrO) has not been previously reported. Hence, an ultrasonic study on NCMCrO would be of particular interest to elucidate how Cr substitution and oxygen reduction influenced the CO state as well as providing a better understanding on the role played by the JT effect on CO.
In this paper, we report the effect of Cr doping on ultrasonic, magnetic and transport properties of chargeordered NCMCrO ceramics. Cr doping has been chosen in this work due to the special nature where Cr 3 þ ion which is iso-electronic in configuration with Mn 4 þ ion. Hence, it is possible that the Cr 3 þ ion may interact with Mn 3 þ ion and induce ferromagnetic-metallic state.
Experimental
The NCMCrO (x ¼ 0, 0.02 and 0.05) samples were synthesized using the standard solid-state reaction method. A stoichiometric mixture of high-purity ( Z 99.99%) Nd 2 O 3 , CaO, MnO 2 and Cr 2 O 3 were ground and calcined at 1000 1C for 24 h with several intermediate grindings.
The powders were then pressed and sintered at 1100 1C for 24 h. These samples are now referred as as-prepared samples. The quenched sample was prepared by reheating the x¼ 0.05 sample at 1000 1C for 2 h and quenching it directly into liquid nitrogen. Electrical resistivity measurements were carried out using the four-point-probe technique. X-ray powder diffraction showed that all samples were essentially single phased with orthorhombic structure (space group Pnma). The AC susceptibility (w 0 ) of the samples was measured using an AC susceptometer system manufactured by CRYO industries, USA with its real component resolved using a 7265 DSP lock-in amplifier. Ultrasonic velocity was measured using Matec 7700 system which utilizes the pulse-echo-overlap technique and performed in a Janis Cryostat Model VNF-100T. Fig. 1 shows the temperature dependence of electrical resistivity for all samples. The x ¼ 0 sample showed an insulating behavior but a sharp peak can seen at 280 K for the sample from the dlnr/dT À 1 versus T curve (inset Fig. 1 ) indicating the existence of the CO state. However, for the as-prepared x¼ 0.02 and 0.05 samples as well as the quenched x ¼ 0.05 sample no such peak has been observed. This may be an indication that the CO state was weakened by the substitution. A MI transition was observed at around T MI $ 133 K and T MI $ 136 K for the x¼ 0.02 and x¼ 0.05 samples, respectively. The T MI for the quenched x¼ 0.05 sample shifted down to 122 K most likely due to oxygen reduction. Fig. 2 ) which can be associated to a signal of CO transition, T X co was observed for all as-prepared samples. This AFM transition can be related to the existence of the AFM coupling mainly originating from the interaction between Mn 3 þ -O-Mn 3 þ [3] . However, no such transition was observed for quenched x¼ 0.05 sample which can be attributed to the suppression of the CO state as a result of oxygen reduction [4] . Table 1 shows the parameters derived from the ultrasonic velocity measurements. The longitudinal and shear modulus are given by C l ¼ rv l 2 and G ¼ rv s 2 , respectively where r is the density, v l is the longitudinal velocity and v s is the shear velocity [5] . The related elastic moduli, bulk modulus (B) and Young's modulus (Y) and acoustic Debye temperature (y D ) was calculated using the equations below:
Results and discussion
where h is the Planck constant, k B is the Boltzman constant, N is the number of mass point and V is the unit cell volume calculated from lattice parameter values. The mean velocity, v m is given by:
The increase in both absolute velocity v l and v s with Cr substitution is due to the increase in C l and G. The behaviors of v l and v s can be understood from the equations v l ¼ OC l /r and v s ¼ OG/r where C l and G are the independent moduli while both velocities are the dependent variables. Although r decreased with Cr substitution, the decrease is less than 1% and it is not suggested to strongly influence the change in both velocities. On the other hand, larger percentage change of 6% and 31% in C l and G, respectively, is suggested to strongly influence the change in v l and v s . Since the velocities were measured at 100 K (Table 1) which is below T C , the increase of v l and v s with Cr substitution is suggested to be due to increase in formation of FM domains which enhances the elastic properties. On the other hand, a small drop in both v l and v s at 100 K (Table 1) for the x¼ 0.05 sample after quenching can be associated to decrease in C l and G as a result of oxygen reduction which caused a slightly decreased in FM domain. Fig. 3 . shows the temperature dependencies of the longitudinal and shear velocities for all samples. A steplike longitudinal velocity anomaly characterized by a slope change which can be associated with CO transition signal was observed at T v co for all as-prepared samples. The shifting of the step-like anomalies to lower temperatures with Cr substitution indicates declining of the CO state as the JT effect was weakened. It is possible that, substitution of the Cr 3 þ for Mn 3 þ decreased the ratio of Mn 3 þ to Mn 4 þ and caused the JT effect to weaken and affect the CO state [2] . In the present study, the weakening of the CO state is also supported by the absence of T A co from the resistivity measurements as well as the reduction of w 0 around T w co with Cr 3 þ substitution. The mean field theory which is related to the JT effect has been used to explain the elastic anomaly occurring in the vicinity of the transition temperature in some manganites which is closely related to the strong electron-phonon coupling originating from the JT effect [6, 7] . It was suggested that the JT distortion transforms from dynamic type (T 4 T CO ) to static-type (T o T CO ) with decreasing temperature. In the present work the mean field equation was fitted to the temperature dependence of C l for NCMCrO (x=0, 0.02, and 0.05). From the mean field theory, the relationship between the elastic modulus C l and temperature T below T CO is as follows [7] :
where C 0 is the longitudinal modulus in the absence of JT coupling, l is the phonon exchange constant, m is a measure of the ion-strain coupling and k B is a Boltzmann constant. The mean filed, D is given by D ¼ k B T CO tanh(D/ k B T) while, for temperature T above T CO the relationship is written as [7] :
where T 0 and Y are the characteristic temperatures. From Fig. 4 , it can be seen that the fitting results agree well with the experimental data indicating that the JT effect is involved for the CO in NCMCrO (x¼ 0, 0.02, and 0.05) which transforms from the dynamic-type (T4T CO ) to static-type (ToT CO ) with decreasing temperature. Apart from that, it also can be noticed that the calculated transition temperature [7] T v co ¼ l þ m/k B deduced from l and m are 253 K, 223 K and 208 K for samples x¼ 0, 0.02 and 0.05, respectively, are different compared to the experimental transition temperature, T v co ( Table 2) . The difference is suggested to be due to the broadening of critical fluctuation of the ion-distortion coupling related to the transition process as suggested from previous report [6] . In addition, the value of l decreases with Cr content indicating that the electronphonon interaction weakened in the sample [6] .
On the other hand, no longitudinal velocity anomaly was observed for the quenched x¼ 0.05 sample. The absence of the longitudinal velocity anomaly for x¼ 0.05 sample after quenching could be attributed to the suppression of the CO state as a result of oxygen reduction. It is possible that, due to the quenching effect the oxygen content was reduced causing the Mn 4 þ concentration to decrease and lead to the suppression of the CO state [6] . The suppression of the CO state for the sample is also supported by the absence of both T w co and T A co in susceptibility and resistivity measurements, respectively.
Conclusion
In conclusion, we have systematically investigated the magnetic, transport and elastic properties of charge ordered as-prepared NCMCrO (x¼ 0, 0.02, 0.05) and quenched (x¼ 0.05) samples. It was found that all as-prepared samples showed a step-like longitudinal velocity anomaly around the vicinity of T CO . Increasing Cr concentration caused the steplike anomaly to shift to lower temperatures indicating that Cr weakened the CO state as a result of weakening of the JT effect. Absence of the step-like anomaly for the quenched x¼ 0.05 sample suggests the reduction of the oxygen content effectively suppressed the CO state. On the other hand, Cr substitutions caused the increase in both longitudinal and shear moduli at 100 K indicating improvement in elasticity which is suggested to be due to the increase in FM domain. Quenching the x¼ 0.05 sample caused the elastic properties to weaken as a result of reduction in FM domain.
